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An optical method is suggested to determine the concentration of two-dimensional electrons in
modulation-doped quantum wells at low and moderate electron densities between 109 and
2×1011 cm-2. The method is based on an analysis of magneto-reflectivity spectra of charged
excitons (trions). The circular polarization degree and the oscillator strength of the charged
excitons contain information about the density and spin polarization of  two-dimensional
electron gas. The method is applied to CdTe/(Cd,Mg)Te and ZnSe/(Zn,Mg)(S,Se)
heterostructures.
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2I. INTRODUCTION
Optical properties of low-dimensional semiconductor heterostructures with quantum
wells (QWs) have been studied in a great detail for two limiting cases: (i) undoped QWs
(containing no free carriers) where optical spectra near the band gap are dominated by excitons
(that is correlated states of photogenerated electron-hole pairs), and (ii) QWs with high density
of quasi two-dimensional electron or hole gas (2DEG or 2DHG, respectively) due to modulation
doping in barriers. In the presence of a high density of carriers, the excitons are screened, but the
electron-hole correlations caused by the Coulomb interaction show up in optical spectra as the,
so-called, Fermi edge singularity (FES) [1].
Recently, the regime of low- and moderate densities of the free carriers in QWs became a
subject of intensive investigation. It is characterized by the coexistence of excitons and excitonic
complexes with free carriers. With an increasing density of the free carriers, excitonic optical
spectra are modified and gradually transform into the FES regime [2-5]. An electron-exciton
interaction induces a number of interesting effects characteristic for these low- and moderate
carrier densities. Examples of those include formation of charged exciton states (trions) [6],
combined exciton-cyclotron and trion-cyclotron resonances in magnetooptical spectra [7,8],
shake-up processes in the emission spectra [9], and spin-dependent exciton-electron scattering
contributions to a homogeneous linewidth of the excitons [10,11]. These studies were possible
because of a high quality of II-VI QW structures, based on CdTe and ZnSe. The stronger
Coulomb interaction in II-VI semiconductors, compared to that in III-V materials such as GaAs,
makes II-VI heterostructures a very suitable model system for the optical studies of various
phenomena induced by the exciton-electron interaction.
For such studies, a detailed information concerning the system of the free carriers, such
as their concentration and degree of spin polarization by an external magnetic field, is of
importance. One possible way to determine carrier concentration of low- and moderate densities
3is to use the method based on dimensional magnetoplasma resonance [12]. This method requires
high mobility of the carriers and has been successfully applied for III-V heterostructures only.
Unfortunately, application of usual magneto-transport methods or the cyclotron resonance
technique, which were successfully used in the case of  III-V heterostructures with highly mobile
carriers [13], are very limited in wide-gap II-VI heterostructures because the latter exhibit
relatively low mobility of electrons and holes. These methods can only be used in the case of
modulation-doped QWs with high concentration of carriers exceeding 5×1011 cm-2 [14-17]. To
investigate the regime of low- and moderate carrier densities, a reliable all-optical method of
determination of the parameters of the free carrier systems is required.
It has been shown for II-VI heterostructures with high concentration of free carriers,
when the excitonic effects are screened out, that the all-optical methods can be used to
characterize the two-dimensional carrier gas. Sharp changes of the intensity and energy position
of photoluminescence lines at integer filling factors [18,19] and the Moss-Burstein shift between
the emission and absorption lines [20] are among them. In CdTe-based QWs the analysis of
Moss-Burstein shift allows to measure the carrier concentrations only above 1.2×1011 cm-2. In
diluted magnetic semiconductor QWs of (Cd,Mn)Te, due to a spin polarization induced by the
2DHG via the giant Zeeman splitting, the sensitivity of the method can be extended down to hole
concentrations of 6×1010 cm-2 [20]. At high 2DEG (2DHG) densities, exceeding 1011 cm-2, the
carrier concentration in QWs can be also estimated from width of photoluminescence band,
which is contributed by Fermi energy of carriers [21,22].
Another approach to the problem of assessing the properties of 2D carriers can makes use
of the charged excitons (trions). Consisting of three carriers (two electrons and one hole in the
case of the negatively charged exciton, and two holes and one electron in the case of the
positively charged exciton), the trions formed by photon absorption have to incorporate a free
carrier. As a result the oscillator strength of a trion optical transitions is directly linked to the 2D
carrier density. At low densities these two quantities are directly proportional each other [11, 20].
4In turn, the degree of spin polarization of the 2D carriers in external magnetic fields is also
reflected by the polarization of the trions [23, 24].
In this paper we present an optical method to determine the carrier concentration in QW’s
at low- and moderate carrier densities (from 109 cm-2 to 2×1011 cm-2). The method is based on
the analysis of the polarization of trions in magnetic fields and on the oscillator strength of trion
resonances in reflectivity spectra. The method is demonstrated for CdTe/(Cd,Mg)Te and
ZnSe/(Zn,Mg)(S,Se) quantum wells with 2DEG.
II. SAMPLES AND EXPERIMENTAL
We have investigated modulation-doped CdTe/Cd0.7Mg0.3Te and
ZnSe/Zn0.89Mg0.11S0.18Se0.82 single quantum well structures (SQW) grown by molecular-beam
epitaxy on (100)-oriented GaAs substrates. The electron density in the QW’s was varied from
en ≈5×10
9 to 2×1011 cm-2. A band scheme for the studied CdTe- and ZnSe-based structures is
presented in Fig.1.
CdTe/Cd0.7Mg0.3Te structures consist of an 80 Å wide CdTe SQW separated from the
surface by a 750 Å wide Cd0.7Mg0.3Te barrier. The band offsets in the conduction band and in the
valence band are ≈∆ CE 370 meV and ≈∆ VE 155 meV, respectively. The structures contain δ-
doped layers with iodine impurities having concentration up to 2×1017 cm-3 positioned at a
distance of =L 100 Å from the SQW (see Fig.1). A nominally undoped sample and three doped
samples with various width of the δ-layer, namely 10, 20 and 50 Å wide, were studied. The
samples with different electron densities were fabricated on the same substrate using the wedge
growth mode. It allows to vary the doped δ-layer and to keep all the other relevant QW
parameters (such as the QW width, the barrier height, background impurity concentration, etc.)
constant at the same time (for details see Ref. [25]).
5The electron binding energy to an iodine shallow donor in CdTe is about 14 meV [26]. At
low temperatures the electrons from the donors are moved over to the QW. As a result the δ-
layer is  positively charged while the QW is negatively charged. This induces an electric field
and causes the band bending shown schematically in Fig.1. The estimated value of the electric
field does not exceed ~LEC∆ 10
5 V/cm. Due to the large value of band discontinuity CE∆  in
comparison with the band bending in CdTe-based structures, most of the electrons from the
donor δ-layer is trapped in the QW and the 2DEG density is nearly equal to the two-dimensional
concentration of donors.
In ZnSe/Zn0.89Mg0.11S0.18Se0.82 structures an 80 Å wide ZnSe SQW is located between
1000 Å and 500 Å wide Zn0.89Mg0.11S0.18Se0.82 barriers. The structures contain 30 Å wide δ-
layers at a distance of =L 100 Å from the QW doped with chlorine,  whose donor binding
energy in ZnSe is 26 meV [27]. A set of structures with different doping levels varying in the
carrier concentration from 6×1017 cm-3 to 8×1018 cm-3 was fabricated. Since the band gap
discontinuity in the conduction band is ( )=∆≈∆ VC EE 100 meV, it could be compensated by the
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Fig.1. Band edge profiles in a heterostructure containing a single quantum well with a 2DEG and a δ -
layer of donors.
6electric field due to the ionized donors in the δ-layer. As a result the Fermi level is pinned by the
donors and only a small part of donor electrons (5-10%) is transferred to the QW.
Reflectivity spectra of the samples were measured at 1.6 K in external magnetic fields up
to 7.5 T applied in the Faraday geometry. Achromatic quarter-wave length plates were used to
analyze circularly polarized light. The light signal was detected by a charge-coupled device after
being dispersed in a 1-m monochromator. A halogen lamp was used as a light source. Most of
the reflectivity measurements were performed at normal incidence and only some spectra were
taken under Brewster angle incidence in order to analyze transitions with very weak oscillator
strength.
The carrier concentration in the modulation doped QWs is known to depend strongly on
an additional, above-the-barrier illumination [20]. For low illumination intensity, the electron
concentration in a QW increases with increasing intensity and, then, saturates at a high
illumination power. The detailed analysis of this effect the structures studied is not a subject of
this paper and will be discussed elsewhere [28]. Note that in our experiments we used the
conditions of high intensity illumination controlled by a halogen lamp in order to achieve the
maximum electron concentration in QWs.
III. MAGNETO-REFLECTIVITY SPECTRA OF TRIONS
Figure 2 shows the modification of reflectivity spectra in CdTe and ZnSe structures with
increasing electron density. In the nominally undoped CdTe QW only the exciton resonance (X)
at 1.634 eV is observable in the reflectivity spectrum displayed in Fig.2a. The presence of
electrons in the QW with =en 5×10
9 cm-2 coming from the residual donors in the barrier layers
has been detected by reflectivity measurements under the Brewster angle, the method described
in the present paper in part VI. A new resonance of a negatively charged trion (T) appears at
71.630 eV in the spectra of doped structures. The amplitude of the trion line increases with the
electron density growing and it dominates in the reflectivity spectrum for =en 8×10
10 cm-2. A
broadening and a decrease of the amplitude of the excitonic resonance accompany this evolution.
The observed modifications are typical and have been reported for CdTe/(Cd,Zn)Te QWs with
2DEG [3] and (Cd,Mn)Te/(Cd,Mg,Zn)Te QWs with 2DHG [20]. The evolution of the
reflectivity spectra of ZnSe-based structures shown in Fig.2b is very similar to that in CdTe-
based QWs. We note here that a detailed identification of the trion resonances in the reflectivity
(absorption) spectra of modulation doped QWs have been published in Refs. [6,23].
One of the distinct features of the trions is a strong circular polarization of their
reflectivity (absorption) lines in the presence of a magnetic field [6]. In Fig.3а we present the
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Fig.2. Reflectivity spectra of modulation doped SQWs with different electron density.
(a) 80 Å wide CdTe/Cd0.7Mg0.3Te SQWs. (b) 80 Å wide ZnSe/Zn0.89Mg0.11S0.18Se0.82 SQWs. The
electron concentrations given in the figure were determined by an optical method introduced in the
present work.
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Fig.3. Reflectivity spectra measured in a magnetic field of 7.5 T in σ+ and σ- circular polarization
from: (a)  80 Å wide CdTe/Cd0.7Mg0.3Te SQW with =en 8×10
10 cm-2, and (b) 80 Å wide
ZnSe/Zn0.89Mg0.11S0.18Se0.82 SQW with =en 6×10
10 cm-2.
reflectivity spectra of a CdTe-based sample with ≈en 8×10
10 cm-2 in a magnetic field B=7.5 T
for two circular polarizations +σ  and −σ . Figure 3b shows the spectra of a ZnSe-based structure
with ≈en 6×10
10 cm-2 in a magnetic field of 7.5 T. The strong polarization of the trion resonance
observed for both samples is attributed to the fact that the trion ground state is a singlet. In a
singlet state spins of two electrons forming the trion are antiparallel. In high enough magnetic
fields, when the 2DEG is completely spin polarized, the trions can be created by a photon with
one specific polarization only, namely in the polarization which photocreates an electron with
the spin directed oppositely to the spins of the background electrons. It occurs for +σ
polarization in CdTe-based structures with a negative electron g-factor [29], and for −σ
polarization in ZnSe-based structures with a positive electron g-factor [30,31]. Some degree of
polarization of the exciton reflectivity line can also be observed in these spectra. It is also caused
9by spin polarization of 2DEG, the details of the underlying mechanism desribed in Refs.
[10,11,32].
The suggested method of determination of the 2DEG density exploits the fact that the
polarization degree of the trion resonance )(BPTc , measured by means of the reflectivity, or
absorption or transmission techniques, accurately renders the polarization of the 2DEG
)()(2 BPBP Tc
DEG
= . The degree of the circular polarization of the trion reflectivity line can be
determined from the experimentally measured quantities using the following relation:
−+
−+
Γ+Γ
Γ−Γ
= TT
TT
T
c BP
00
00)( . (1)
Here +ΓT0  and 
−ΓT0  are the oscillator strengths of the trion resonance detected in 
+σ  and −σ
circular polarizations, respectively. Oscillator strength of the exciton X0Γ  and the trion 
T
0Γ  (i.e.,
the radiative damping) were extracted from the reflectivity spectra by the method described in
Refs. [33,34] (see also Ref. [11]). The experimental dependencies )(BPTc  are plotted by circles
in Figs. 4 and 5 for CdTe and ZnSe QWs with various electron concentrations. We will discuss
in the next sections how the information on the 2DEG density can be extracted from these
experimental data.
IV. SPIN POLARIZATION OF 2DEG
At low carrier densities and/or high temperatures, when the Fermi energy is smaller than
the thermal energy TkE BF < , the spin polarization of the nondegenerate 2DEG is described by
Boltzmann statistics
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( ) 
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Here Bµ  is the Bohr magneton, Bk  is the Boltzmann constant and eg  is the g-factor of free
electrons in the conduction band. At T=1.6 K ( =TkB 0.14 meV) the criterion TkE BF <  is met
only for very dilute 2DEG with ≤en 10
10 cm-2.
The Fermi-Dirac statistics should be used to describe the spin polarization of the 2DEG
when >en 10
10 cm-2 at T=1.6 K. The following procedure is used to calculate the spin
polarization properties of a 2DEG, in such case
( )
−+
−+
+
−
=
NN
NNn,T,BP e
DEG2 . (3)
Here +N  ( −N ) is the total number of electrons in all occupied Landau levels with a given spin
orientation
( )∑∞
=
±±
=
0
)(
i
FiF ENEN (4)
where +iN  (
−
iN ) denotes the number of spin polarized electrons on the i-th Landau level, “+”
and “-” label 21+  and 21−  Zeeman sublevels, respectively. Further we have
( )



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
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(5)
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with 
h
eB  being the degeneracy of the Landau level, 
e
c m
eB!! =ω  is the cyclotron energy and em
is the conduction electron effective mass. FE  is the Fermi energy, which depends on the electron
concentration and the electron density of states. The latter quantity changes in an external
magnetic field, making )(BEF . In the absence of the field we have
e
e
F nm
E
2!π
= . (6)
Usually, the electron density en  can be assumed to be independent of the magnetic field,
and then
( ) ( ) )(BconstnENEN eFF ==+ −+  . (7)
To calculate )(2 BP DEG  one should first determine the )(BEF  dependence for a fixed value of en
by inserting Eqs. (4,5) into Eq. (7). An example of the )(BEF  dependence for ZnSe QWs with
=en 1.2×10
11 cm-2 is plotted in Fig.6 for T=0 and 1.6 K. Then, substituting this dependence in
Eq. (5), the spin polarization degree of  2DEG: ),,(2 e
DEG nTBP  can be calculated using Eq. (3).
We stress here that the only adjustable parameter in this approach is the value of the electron
density en . Therefore, by fitting Eq. (3) to the experimental dependencies )(BP
T
c  one can
deduce the value of the electron density.
It can be shown that, in fact, quite substantial changes of the electron spin polarization
occur for filling factors 2<ν , when the lowest Landau level becomes partially occupied. In this
case TkE BFc ,>ω!  and Eq. (3) can be simplified to
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It is easy to see that Eq. (8) for cFE ω!<<  it  reduces to Eq. (2), i.e., to the case of the
Boltzmann statistics. In the opposite limit of cFE ω!>>  the lowest Landau level is fully
occupied and 02 =DEGP .
V. DETERMINATION OF THE 2DEG CONCENTRATION FROM THE POLARIZATION
DEPENDENCE OF THE TRION REFLECTIVITY
Let us recollect that our method of determination of the electron concentration uses the
fact that the polarization of the trion line follows the polarization of 2DEG, i.e.,
that )()( 2 BPBP DEGTc = . These dependencies for the nondegenerate electron gas calculated with
the use of Eq. (2) are plotted in Figs. 4 and 5 by the dashed lines. In the calculation we use
T=1.6 K and electron g-factor values eg =-1.46 for CdTe-based QWs [29] and eg =+1.14 for
ZnSe-based structures [30,31]. The trion polarization for the slightly doped samples
( <en 3×10
10 cm-2) coincides very well with the dashed lines (not shown in the figures).
First we discuss the data for CdTe QWs. At a low electron concentration (Fig.4a) there is
only a small deviation of the experimental data from the Brillouin function. This deviation
increases for growing electron density (Fig.4b, c). At the highest electron concentrations (Fig.4c)
the trion line is completely unpolarized in low magnetic fields up to 2 T and only in higher fields
it begins to be polarized (for a qualitative behavior see limiting cases of Eq. (8)). The fitting
curves for the Fermi-Dirac statistics [Eqs. (3-7)] of the experimentally measured polarization of
the  trions  are  shown  in  Fig. 4  by  the  solid  lines.  In  these  calculations  we use  the electron
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effective mass 0105.0 mme =  [17]. The electron concentration in the QW, )(Bconstne =  was, as
mentioned above, the only fitting parameter. The best fit of the experimental data gives the
following values of 2DEG density for three modulation doped QWs shown in Fig.4:
=en 3×10
10 cm-2, 6×1010 cm-2 and 8×1010 cm-2. The accuracy of the method is estimated to be
better than 1×1010 cm-2. This can be seen from Fig. 4b where calculations of )(2 BP DEG  for
=en 5×10
10 and 7×1010 cm-2 (dashed-dotted lines) are compared with the best fit curve for
=en 6×10
10 cm-2 (solid line).
The same procedure has been performed for the doped ZnSe QWs shown in Fig.5. We
use an electron effective mass of ZnSe 015.0 mme =  [27] in these calculations. The solid lines
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Fig.4. Magnetic-field-induced polarization of the trions in modulation doped CdTe/Cd0.7Mg0.3Te
QWs. Experimental data (circles) are compared with model calculations for the nondegenerate-
(dashed lines) and degenerate (solid and dashed-dotted lines) 2DEG. Electron densities determined
from the best fit (solid lines) are given in the figure panels. Dashed-dotted lines in panel (b)
correspond to calculation with =en 5×10
10 and 7×1010 cm-2. They are given to show the accuracy of
the method.
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show the results of the best fit subject to the condition )(Bconstne = . The electron density of
3×1010 cm-2, 6×1010 cm-2 and 1.2×1011 cm-2 are found for this set of samples.  However, for  the
sample with highest en  the fitted curve deviates significantly from the experimental data points
(see the solid line in Fig.5c) in the field range from 4 to 7 T, where 21 <<ν . We suggest this
discrepancy be due to changes of the carrier concentration in the QW with an increasing
magnetic field, i.e., that )(Bconstne ≠  in ZnSe QWs. In fact, in the case of the ZnSe-based QWs
the band offset in the conduction band is not very large ( ≈∆ CE 100 meV). Thus, for heavily
doped structures the Fermi level can be pinned by the donors in the barrier, i.e. )(BconstEF = ,
that in turn will cause the oscillatory variation of the electron density in the QW with increasing
magnetic field.
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Fig.5. Magnetic-field-induced polarization of the trions in modulation doped ZnSe/Zn0.89Mg0.11S0.18Se0.82
QWs. Experimental data (circles) are compared with model calculations for the nondegenerate (dashed
lines) and degenerate (solid lines) 2DEG. Electron densities determined from the best fit are given in the
figure panels. The dashed-dotted line in the panel (c) shows the best fit for the degenerate 2DEG at
)(BconstEF = .
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The shift of the Fermi level induced by the magnetic field is shown in Fig.6. At zero
temperature, assuming that the electron density does not depend on the magnetic field, the Fermi
level follows the highest occupied Landau level and jumps to the lower Landau level at integer
filling  factors  eBhne=ν   (see the dashed line).  At  a nonzero  temperature  (the solid line) the
jumps of Fermi level become smooth. The position of the Fermi level at the vanishing magnetic
field is shown by the dashed-dotted line in Fig.6.
The general solution for the 2DEG spin polarization by the magnetic field accounting for
partial redistribution of electrons between barrier donors and the quantum well is rather
complicated. Here we will analyze two limiting cases and will show that the choice of the
modeling conditions gives minor corrections for evaluation of the carrier density. Let us consider
two limiting cases: (i) the absence of the pining [ )(Bconstne = ] and (ii) the strong pining of
Fermi level, )(BconstEF = . The first case is illustrated by the solid line in Fig.5c. In the second
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Fig.6. Fermi energy dependence on the magnetic field calculated in ZnSe QW with en =1.2×10
11 cm-2.
The dashed line corresponds to the temperature equal to zero, the solid line is for T=1.6 K. In the
calculations )(Bconstne =  was assumed. The dashed-dotted line shows the Fermi energy calculated
under  the assumption of )(BconstEF = . This assumption is realized in the case of the Fermi level
pinned to the donors in the barriers. The dotted lines show the Landau levels fan.
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limit the polarization degree of 2DEG was obtained by means of Eqs. (3-5), with FE  related to
en  by Eq.(6) which is independent of the magnetic field. This fit, shown by  the dashed-dotted
line in Fig.5c, does describe the data points for the trion polarization degree. However, the
determined value =en 1.2×10
11 cm-2 is with high accuracy the same for both these cases . Thus,
as evident from Fig.5c, the polarization method is rather  not sensitive to the choice of the
conditions. It is seen also in this figure that two fitted dependencies calculated assuming either
)(Bconstne =  or )(BconstEF =  cross at 5.0)T75.4( −≈=BP
T
c . Therefore, as long as we are
interested in the determination of en , the approach based on the condition )(Bconstne =  gives
very reliable results. However, an additional care has to be taken when a detailed )B(P DEG2
dependence for filling factors 21 <<ν  is required.
We should note here that, obviously, the polarization method could not be applied for the
structures with 0≈eg , i.e. in conditions where the 2DEG polarization due to the thermal
occupation of the Zeeman sublevels is vanishingly small. Our model calculations show that with
the accuracy of cP  determination better than ± 0.1 the requirement for the method to be valid is
>Bg Beµ 0.2 TkB , for the range of magnetic fields corresponding to <ν 2.
To summarize, the analysis of the circular polarization of the trion reflectivity line offers
a reliable method to determine the 2DEG concentration. The low concentration limit of the
method at T=1.6 K is about 1×1010 cm-2. For lower concentrations 2DEG is nondegenerate, its
polarization follows the Brillouin function and is insensitive to en . The high concentration
limitation of the method is about 2×1011 cm-2, i.e., when the distinct trion line vanishes from the
reflectivity spectra.
VI.   DETERMINATION OF 2DEG CONCENTRATION FROM TRION OSCILLATOR
STRENGTH
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It has been shown recently that in the region of low electron concentrations the oscillator
strength of the trion resonance increases linearly with the electron density. In ZnSe-based QWs
the linear dependence is valid for ≤en 5×10
10 cm-2 [11]. Once calibrated for the certain
structures, the dependence of the trion oscillator strength on en  can be used for  determination of
electron density. We will show in this section that a sensitivity of this method allows us to
determine the parameters characterizing very dilute electron gas with ≈en 5×10
9 cm-2.
At ≤en 5×10
10 cm-2 both the trion and the exciton resonances are very pronounced in the
reflectivity spectra of II-VI QWs (see Fig.2 and Ref. [11]). In this case it is very convenient to
deal with the trion oscillator strength normalized to that of the exciton, XT 00 ΓΓ . Moreover, for
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Fig.7.   Dependence of the ratio of the trion oscillator strength and that of the exciton on electron
density at T=1.6 K. (a) 80 Å wide CdTe/Cd0.7Mg0.3Te QWs. (b) 80 Å wide ZnSe/Zn0.89Mg0.11S0.18Se0.82
QWs. The inset shows the reflectivity spectrum measured at T=4.2 K at the oblique incidence ϕ=71°
from a nominally undoped sample. The evaluated electron density is =en 5×10
9 cm-2. The open circle
shows this value in the main panel.
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≤en 3×10
10 cm-2, when a contribution of the electron-exciton scattering is negligibly small and
the exciton and the trion resonances have about the same linewidth due to the inhomogeneous
broadening, one does not have to extract the absolute values of T0Γ  and 
X
0Γ  from the reflectivity
spectra. In such a case the value of XT 00 ΓΓ  can be evaluated with a good accuracy from the ratio
of the amplitudes of the trion and exciton resonances. In this method a slope C of a linear
dependence
eX
T
nC=
Γ
Γ
0
0 , (9)
has to be measured.
The experimental dependencies XT 00 ΓΓ  on en  for CdTe- and ZnSe-based QWs are
plotted in Fig.7. For the data points shown by closed circles we determined en  via the
polarization of the trions, the method described in section V. For both types of QWs a deviation
from the linear dependence, shown by the solid lines, occurs for >en 5×10
10 cm-2. The
coefficient C in 80 Å wide CdTe/Cd0.7Mg0.3Te QW is C=9×10-12 cm2 and in 80 Å wide
ZnSe/Zn0.89Mg0.11S0.18Se0.82 QW we obtained C=7×10-12 cm2 [35]. The value of C depends on
the trion area [11] and, therefore, it is expected to decrease in QWs with larger binding energies
of the trions having more compact states. The relative accuracy of this method, which is directly
linked with the accuracy of determination the coefficient C shown by arrows bar in Fig.7, is
better than 20% of en .
The sensitivity of the method discussed in this section depends on the accurate
determination of XT 00 ΓΓ . In the reflectivity spectra of II-VI QWs measured at a normal
incidence the trion resonance became very weak for en  decreasing to 1×10
10 cm-2. Further
increase of the sensitivity can be achieved by detecting the reflectivity spectra at an oblique light
incidence at angles close to the Brewster angle [36,34] or by means of the modulation
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spectroscopy [37]. In the inset to Fig.7b we show a reflectivity spectrum taken from the
nominally undoped ZnSe-based structure at an oblique incidence of light, at =ϕ 71o close to the
Brewster angle ( =Brϕ 69o). From this spectrum we have deduced the ratio ≈ΓΓ XT 00 / 0.03, and
then with use of Eq. (9) we determined the electron concentration in the QW as ≈en 4×10
9 cm-2.
The open circle in Fig.7b marks this data point. We estimate that the potential of this method to
evaluate electron densities is as small as 109 cm-2.
VII.   DISCUSSION
Figure 8 summarizes the determined electron densities in the studied structures by
displaying them as functions of  the donor concentration in the δ -layer. One should keep in
mind that there is a relatively large uncertainty of the donor concentration values which are
based on a technological calibration of growth regimes. With this reservation we can conclude
that in CdTe-based QWs all electrons from the donors are moved over to the QW. In contrast, in
ZnSe-based QWs only a small portion of the donors (5-10%)  transfer their  electrons to the QW.
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Fig.8. The electron density in the QWs as a function of the donor concentration in δ-layers determined
for (a) CdTe/Cd0.7Mg0.3Te QWs and for (b) ZnSe/Zn0.89Mg0.11S0.18Se0.82 QWs at T=1.6 K.
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We have mentioned already by presenting the results of Fig.5c that the polarization
method is rather insensitive to the choice of the conditions. The two fitted curves calculated
under the condition )(Bconstne =  or )(BconstEF =  cross each other at 5.0)T75.4( −≈=BP
T
c .
With this result in mind  we may conclude that the value of a magnetic field 2/1B  at which
5.0)( 2/1 =BP
T
c   can be used  for  evaluation of  the electron density for both types of conditions.
The dependence )( 2/1Bne  calculated for T=0 and 1.6 K is shown in Fig.9 by thin and thick
dashed lines, respectively. One can see in Fig.9 that the sensitivity of the polarization method
increases with decreasing temperature.
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Fig.9. Calibration of en  determination using various optical methods described in the present paper.
Electron density is related to XT 00 ΓΓ  by linear dependencies (solid lines) and to the magnetic field
value 2/1B  (thick and thin dashed lines for T=1.6 and 0 K, respectively): (a) CdTe/Cd0.7Mg0.3Te QWs;
(b) ZnSe/Zn0.89Mg0.11S0.18Se0.82 QWs. Gray colored areas represent accuracy of the electron density
determination.
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Figure 9 in fact summarizes the main results of the optical methods suggested in the
present paper. The applicability ranges of the methods are shown. The analysis of the trion
polarization at T=1.6 K is reliable in the concentration range from 3×1010 cm-2 to 2×1011 cm-2,
which corresponds to the thick dashed line. We believe that the sensitivity in the low electron
density range may be improved by taking data at a lowest possible temperature. Thin dashed line
traces the limiting case of T=0 K.
Solid lines in Fig.9 display the part of the dependence e
XT Cn=ΓΓ 00  where it can be
interpolated by the linear relationship. One can see that both for CdTe- and ZnSe-based QWs
linear relation becomes invalid for the electron density exceeding 5.5×1010 cm-2. The lower limit
for the method based on the analysis of the trion oscillator strength depends on the sensitivity of
the optical techniques used for evaluation of the oscillator strength. In II-VI QWs the reflectivity
measurements at oblique incidence of the light allow to detect 2×109 cm-2 electrons.
Gray colored areas in Fig.9 represent the accuracy of the used methods. For the
polarization method the accuracy is 1×1010 cm-2. For the method based on the oscillator strength
the relative accuracy is better than 20% of the electron concentration value.
In this paper we have limited ourselves to the optical methods which are suitable for
relatively low electron densities. For electron densities exceeding 2×1011 cm-2 optical
spectroscopy provides several other possibilities. Among them are: (i) analysis of the Moss-
Burstein shift between the emission and absorption lines [20], and (ii) sharp changes of the
photoluminescence intensity and of the energy position of the excitonic lines at integer filling
factors [18,19].
In conclusion, reflectivity spectra taken from modulation doped CdTe/(Cd,Mg)Te and
ZnSe/(Zn,Mg)(S,Se) QW structures in magnetic fields have been analyzed. An optical method of
measuring 2DEG density is proposed. The method is based on the analysis of the circular
polarization degree of the trion resonance and on the linear dependence of the trion oscillator
strength on the electron density. The method could be used in the range of concentrations from
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109 cm-2 up to 1011 cm-2. We have demonstrated the efficiency of this method using quantum
well structures based on CdTe as well as ZnSe with different barrier heights.
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